Abstract. Cathode materials are crucial to improved battery performance, in part because there are not yet materials that can maintain high power and stable cycling with a capacity comparable to that of anode materials. Our parameter-free, gradient-corrected model for electron-positron correlations predicts that spectroscopies based on positron annihilation can be deployed to study the effect of lithium intercalation in the oxide matrix of the cathode. The positron characteristics in oxides can be reliably computed using methods based on firstprinciples. Thus, we can enable a fundamental characterization of lithium battery materials involving positron annihilation spectroscopy and first-principles calculations. The detailed information one can extract from positron experiments could be useful for understanding and optimizing both battery materials and bi-functional catalysts for oxygen reduction and evolution.
Introduction
Lithium-ion batteries have played a major role in the development of portable electronics involving mobile phones, tablets and laptops because of their high energy density [1] . Clearly, design and optimization of materials are important to enable further improvements and new applications of next-generation rechargeable batteries [2] . These advances depend on studying novel compounds and gaining fundamental understanding needed to guide applied research. High throughput first-principles calculations can play a major role in characterizing and predicting the structures and properties of complex materials at the atomic scale [3] . An important goal of this effort is to establish a robust feedback loops between first-principles computations and advanced characterization based on modern spectroscopy for a rational and speedy development of lithium-ion batteries. For example, soft and hard x-ray studies performed at state-of-the art synchrotron facilities have recently revealed useful details of lithium-ion battery function [4, 5, 6, 7, 8] . Here we show that positrons can provide unique insights in cathode materials for Li-ion batteries as well.
Positrons spectroscopy in materials science has been thoroughly described in Positron Spectroscopy of Solids [9] , reviewed by Puska and Nieminen [10] and more recently by Tuomisto and Makkonen [11] . New studies involving positron spectroscopy in materials science include different systems such as topological insulators [12] , PbSe quantum dots [13] , tungsten surfaces coated with sodium [14] , metal organic frameworks [15, 16] and also cathode materials for lithium-ion batteries [17, 18] . Layered lithium transition-metal oxide LiCoO 2 (LCO) and olivine-type LiFePO 4 (LFP) are important cathode materials. In LiFePO 4 , the FeO 6 octahedron determines important features of the electronic structure related to Fe 3d electrons [4] . The CoO 6 octahedron plays an important role as well in the LiCoO 2 electronic structure. However, the O 2p character provides the dominating role for the Li x CoO 2 /CoO 2 in the redox orbitals [5] while the Fe 3d character dominates in the redox orbital of the LiFePO 4 /FePO 4 reaction [4, 6] . When the lithium atoms are removed from the oxide matrix, Li x CoO 2 displays complex physics involving metal/insulator transition and Li-vacancy ordering [17] . In the case of LiFePO 4 /FePO 4 , nanoscale phase separation is always observed. The most desired properties of cathode materials involve high redox potential, high lithium capacity and high electron and Li-ion conductivity.
2. Theory and computational method 2.1. Electron-positron correlations The density functional theory (DFT) reduces the quantum-mechanical many-body problem to a set of manageable self-consistent one-body Schrödinger-like equations. DFT solves the electronic structure of a system in its ground state so that the electron density is the basic quantity. The DFT is generalized to positron-electron systems by including the positron density as well in the scheme is two-component DFT (TCDFT) [10] . When a positron impurity is immersed in an electron gas with density ρ(R), the Coulomb attraction produces a screening cloud around the positron. The corresponding potential seen by the positron is constructed as
where V test is the potential for a positron as a test charge and where V c is the polarization or correlation potential describing the positron perturbation. The correlation potential can be obtained via the Hellmann-Feynman theorem as
where ρ(R)[g(r, R, Z) − 1] is the screening cloud density around a positive particle with charge Z. The local density approximation (LDA) based on accurate quantum Monte Carlo computations [19] describes the screening cloud around a delocalized positron impurity in an electron gas given by a density that varies slowly over space. The effect of the density gradient on the correlation energy can be deduced from the distortion of the polarization cloud due to this gradient. In the high density limit, the lowest order gradient correction similar to Eq. (4) of Ref. [20] reads
In Eq. (3), the constant β = 0.066725 is calculated with the use of diagrammatic techniques in many body perturbation theory [21] , the quantity = |∇ ln ρ| 2 /(q T F ) 2 is the square of the reduced gradient 1 (which depends on the ratio of the inhomogeneity length 1/|∇ ln ρ| and the Thomas-Fermi length 1/q T F ), e is the electron charge and a * is the effective Bohr radius for the electron-positron liquid. The distance a * is given by the Bohr radius a B renormalized by an effective mass a * = a B /µ . For a liquid where the positron density equals the electron one [22] the effective mass is given by µ = 1/2 and this relationship remains approximately correct also in the limit of the positron impurity [23, 24, 25] . The factor f depends on the fraction of positrons in the electron-positron liquid and is similar for the rescaling for spin polarization used in Ref. [20] . When the positron is an impurity, f = 1/2. Whereas equality of the positron and electron densities implies f = 1. Therefore, the difference between the electronic gradient 1 In fact we employ = 4t 2 , t being the reduced gradient as it is usually defined (see Ref. [20] ).
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correction of Eq. (4) in Ref. [20] and Eq. (3) is given by the factor f × µ = 1/4. In order to interpolate to the case of rapid density variations (i.e. large ), we use the formula of the parameter-free generalized gradient approximation (GGA) [26] 
where α is a function of the local density given by
The corresponding electron-positron enhancement factor is
2.2. Calculations of electronic structure and positron properties The electronic structure of the studied Li x CoO 2 , NaCoO 2 and Li x FePO 4 materials was determined using the WIEN2k code [27] . This code is an implementation of the augmented plane-wave plus local orbital (APW+lo) method, which is considered to be one of the most accurate techniques to calculate electronic structure of solids. In these calculations, a GGA exchange-correlation functional for electrons after Perdew, Burke, and Ernzerhof [20] was employed. In the case of Li x FePO 4 system, we investigated the influence of the Hubbard U parameter on the electronic structure and took its values values from Ref. [28] performing thereby GGA+U calculations. The selfconsistent electron density and Coulomb potential were taken from electronic structure calculations in order to construct the positron potential (including its correlation part discussed above). The Schrödinger equation for positron is then solved on a 3D regular mesh covering the unit cell of studied materials. Full computational details are given in Ref. [29] . LiCoO 2 has a layered structure of O3-type. The structural parameters for the corresponding rhombohedral unit cell were taken from Ref. [30] . NaCoO 2 , which we have examined too as a possible cathode material, is isostructural with LiCoO 2 , and we used structural parameters from Ref. [31] . The structure of LiCoO 2 and NaCoO 2 is shown in figure 1 where alternating Li (or Na), O and Co layers are well seen. The Co, O and alkali ions (Li or Na) are represented by blue, red and yellow spheres, respectively. For the sake of simplicity, we employed the same structure for partially delithiated system Li 0.5 CoO 2 , removing just some Li atoms to represent vacancies. No structure relaxation was performed.
Following our study on oxides based on the parameter-free GGA [32] , we have calculated the sum A + of the electron and positron chemical potentials (called usually positron affinity) and the positron lifetime, τ , in Li x CoO 2 , NaCoO 2 and Li x FePO 4 within the TCDFT framework. In particular, τ was calculated via the positron annihilation rate (1/τ ) according to the formula
where r 0 and c are the classical electron radius and speed of light, respectively. The spatial integration proceeds over the unit cell. The positron density is obtained simply as ρ + = |ψ + | 2 from the properly normalized positron ground state wave function ψ + .
Results
In our previous study on oxides [32] , we have shown the crystal structures of LiFePO 4 and FePO 4 together with the corresponding isosurface occupied by the positron density distribution (PDD) ρ + (r) = |ψ + (r)| 2 . We have observed that in FePO 4 the positron density occupies one-dimensional channels where Li is located in LiFePO 4 . Therefore, positrons studies should facilitate the understanding of the Li atom transport. We provide here a similar visualization on the positron density in the CoO 2 matrix with Li and Na intercalation. In figures 2-3, the Co, O and alkali ions (Li or Na) are represented in the same way as in figure 1 , whereas the isosurfaces of the positron density are colored in dark yellow (all figures). The 'vertical' red surfaces reflect the variation of ρ + along a vertical plane at the corresponding simulation box side. The PDD in LiCoO 2 shown in figure 1 (left part) is more concentrated in the Li planes compared to the PDD of NaCoO 2 displayed also in figure 1 (right part) . In NaCoO 2 the positron samples more the adjacent O planes. In the case of LiCoO 2 , τ = 131.0 ps and A + = −5.30 eV while τ = 119.7 ps and A + = −6.61 eV for NaCoO 2 . Therefore the substitution of Li by Na gives significant differences both for the lifetime (a decrease by ∼ 10 ps) and A + (a decrease by ∼ 1.3 eV). It is surprising to see that positrons have less affinity for LiCoO 2 and at the same time live longer in this material, which is due to positron redistribution compared to NaCoO 2 .
The positron wave function is significantly modified by delithiation. This effect corresponding to x = 0.5 is demonstrated in figure 2 for two cases. When the Li vacancies do not cluster and are evenly distributed in each Li plane, positrons occupy equally each such plane (see the left part of figure 2 ). In this case, τ = 179.2 ps and A + = −8.23 eV. Oppositely, ρ + is distributed mainly in the Li vacancy cluster and not in planes with no or smaller amount of Li vacancies, as it is illustrated in the right part of figure 2. Consequently, the lifetime increases to 214.0 ps and A + decreases to −9.99 eV.
It is also instructive to inspect what happens if Li is completely removed from the lattice. The Li x CoO 2 (and Na x CoO 2 ) systems become pure CoO 2 . In such a case, the lattice dimension perpendicular to Li (or Na) layers somewhat shrinks and the amount of open space in the structure decreases. Nevertheless, the positron lifetime remains quite long (151.0 ps) and A + value −8.98 eV is about in the middle between x = 0.5 cases just discussed. This is caused by quite large 'empty' planes between CoO 2 layers, which can be deduced from figure 3 where positron density distribution is plotted. Complete delithiation does not occur in commercial LCO batteries, but it is possible to achieve it in a laboratory experiment [33] (from where we also took lattice parameters for CoO 2 ).
Finally, table 1 gives lifetimes τ and chemical potentials sums A + for various magnetic configurations of LiFePO 4 and FePO 4 . The positron lifetime changes dramatically with lithiation but remains rather insensitive to the magnetic structure. However, as illustrated by table 1, measurements of A + could be very useful to benchmark theoretical models involving various magnetic configurations and the Hubbard parameter U . Moreover, the variation ∆A + = A + (x=0) − A + (x=1) upon delithiation (3.5 eV for the AFM case) appeared to be related to the redox potential [28] . Since the positron chemical potential does change significantly with Li intercalation, ∆A + yields mostly the variation of the electron chemical potential. Table 1 . Positron characteristics for Li x FePO 4 as a function of different magnetic structures: nonmagnetic (NM), ferromagnetic (FM), antiferromagnetic (AFM), ferromagnetic with a U parameter (FM+U ). U (x=1) = 3.71 eV and U (x=0) = 4.90 eV [28] .
x Magnetic structure Lifetime τ (ps) A + (eV) 
Conclusion
The parameter-free GGA method predicts that spectroscopies based on positron can be deployed to detect the elusive lithium in the oxide matrix of Li-batteries. The positron lifetime τ changes dramatically with lithiation and provide information about the space available for Li migration. Nevertheless, the interpretation of existing lifetime data [17, 18] for both Li x CoO 2 and Li x FePO4 is challenging due to the complicated microstructure of the studied samples. Measurements of A + could be very useful to benchmark various theoretical models and the variation of A + upon delithiation could be used to determine redox potentials. Similar advanced characterization can be deployed in related materials used as bifunctional catalysts for oxygen reduction and oxygen evolution reactions [34] .
